Purpose We have devised a method that can obtain continuous detailed distributions of the elastic modulus along the measurement line in a non-decalcified specimen of human bone tissue. The aim of this study was to determine whether local variations exist in the distribution of mechanical properties within the trochanteric region of the femur of elderly females using a newly developed form of scanning acoustic microscopy (SAM) technology. Methods Human proximal femurs were harvested from seven female cadavers aged between 67 and 88 years at death. Using data collected with SAM, the elastic modulus of cortical and trabecular bone tissue of the lateral and medial trochanter was calculated and statistically analyzed. Results The longitudinal and transverse elastic moduli in cortical bone tissue of the lateral trochanter were found to be significantly lower than those of the medial trochanter in all specimens from individuals over age 70 (p \ 0.05). Compared to that of the distal region, the longitudinal and transverse elastic moduli of trabecular bone tissue of the proximal region of the lateral trochanter were significantly lower in all specimens from individuals over age 80 (p \ 0.05). Conclusion Our new method allows obtaining detailed distributions of the elastic modulus of bone tissue.
Introduction
It is generally accepted that bone strength is closely related to not only bone mass but also bone quality, the latter of which is widely considered to affect fracture risk. Assessment of bone quality is widely performed using mechanical testing techniques, such as uniaxial tensile, compressive, and 3-point or 4-point bending testing, that measure the mechanical properties of a bone specimen. However, traditional modalities of mechanical testing may not necessarily be adequate when attempting to evaluate the mechanical properties of bone tissue. The nanoindentation technique [1] [2] [3] , finite element modeling [4] [5] [6] [7] , and scanning acoustic microscopy (SAM) [2, [8] [9] [10] [11] have been commonly used to characterize the tissue-level elastic properties of cortical and trabecular bone. Among these measurement modalities, SAM offers several advantages over direct biomechanical testing, in particular that of allowing for measurement in a noninvasive and nondestructive manner at a high resolution, generally in the range of 1-10 lm.
Among the factors identified as risk factors in the health of elderly populations, hip fracture has been identified as the most serious, particularly in individuals with osteoporosis. Most frequently occurring during low-energy injures, such as falls, this type of fracture has long been recognized as the most serious consequence of osteoporosis. Hip fracture has not only been found to result in impairment in activities of daily living, morbidity, and shortened life expectancy, with a reported mortality rate in the year following hip fracture of approximately 30 % [12] , but also to impose a huge financial burden on healthcare systems [13] . A hip fracture is generally classified as either cervical or trochanteric in accordance with its anatomic location. Although it is known that the rates of trochanteric fracture increase dramatically with age in the elderly female population [14, 15] , the reason for this phenomenon remains unclear. Based on consideration of this association, this study developed and tested the hypothesis that subtle differences in the local distribution of mechanical properties within the trochanteric region may be related to the increase in trochanteric fractures with age.
We have devised a method that can obtain continuous detailed distributions of the elastic modulus along the measurement line in a non-decalcified specimen of human bone tissue. The elastic modulus calculated with our method indicates the average value of the elastic modulus in any direction without considering the anisotropic properties. In general, the mechanical properties of the bone are anisotropic. However, we think it is worth applying an isotropic approximation to obtain clinically useful information because the measurements are made under the same condition and within the same sample. The aim of this study was to test whether elderly females present local variations in the distribution of the elastic modulus within the trochanteric region of the femur using a new adaptation of the SAM technology.
Materials and methods

Subjects
The new SAM method was validated using human proximal femurs obtained from seven female cadavers without a history of bone-related disease except osteoporosis, ranging in age from 67 to 88 years.
Preparation of specimens
The proximal femur was coronally sectioned into halves across the center of the neck using a precision cutting machine (Acutome 5, Struers, Copenhagen, Denmark). The trochanteric region was obtained from each half section. The trimmed specimen was then fixed with 4 % formalin solution for 4 days before being embedded in epoxy resin consolidated at a cure temperature of 25°C (Scandiplex, Scandia, Hagen, Germany). The surface of the coronal section was polished with silicon carbide abrasive paper down to 4000 grit and diamond abrasive powder down to 1-lm particle size (Struers, Copenhagen, Denmark) using an automatic grinding and polishing machine (CP30, Logitech, Glasgow, UK). The samples were stored in gauze soaked in distilled water at 4°C and maintained wet at all times during measurement to preserve the moisture property of the sample.
Calculation of elastic modulus SAM was performed using an H-SAM machine (Hitachikenki, Tokyo, Japan) operated at a frequency of 200 MHz at room temperature, with distilled water used as the coupling medium between the lens and the specimen. An ultrasound wave generated from the transducer was converted by the lens and focused on the sample through a coupling liquid, and it traveled along the sub-surface of the material with the penetration depth, k R , which is the wavelength of the leaky surface acoustic wave (LSAW) and determined by the LSAW velocity and the frequency. The ultrasound wave reflected back to the lens was transformed by the piezoelectric transducer into the voltage stored in the electronic hardware that was proportional to the ultrasound pressure. A recording of the voltage can be converted into a 256-level gray-scale image referred to as a C-mode image that illustrates the acoustic impedance Z, defined as the product of the local density q, at the point on the material and the longitudinal acoustic velocity v (i.e., Z = q 9 v). Measurement of the velocity of the LSAW (Rayleigh waves) and other mechanical properties is commonly performed using the interference method, also referred to as the V(z) method, which consists of recording the transducer output voltage, V, with variations in the defocusing distance, z. Using this method, constructive and destructive interference between surface modes are denoted by peaks and dips in the resulting V(z) curve, and the velocity of Rayleigh waves, V R , is defined as follows [16] :
where DZ is the period between two successive peaks in the V(z) curve, F is the frequency of the ultrasound wave, and V W is the velocity of ultrasonic waves in water. The H-SAM machine used to measure the bone mechanical properties in the current study has an advantage of a high image resolution based on the interference of the longitudinal wave directly reflected from the specimen surface with LSAW propagated along the specimen surface using the time gate method for wave separation [17] . The lateral and the depth resolutions of the V(z) curve are almost 0.4k R , and the penetration depth from the specimen surface is k R . Due to the bone mechanical properties measured in this study, the LSAW velocity was almost 3500 m/s, and thus the k R was 18 lm, while both the lateral and V(z) depth resolution were almost 7 lm under a frequency of 200 MHz.
We can reduce the time required for calculating the elastic modulus using a new method [18, 19] . The value of the reflection coefficient of bone, R b , is defined as follows:
where Z Lb is the acoustic impedance of bone and Z w is the acoustic impedance of water in the longitudinal wave. As it is difficult to measure R b accurately using an H-SAM machine, the reflection coefficient of aluminum, for which the acoustic impedance for the longitudinal wave is already known, is measured under the same conditions. The reflection coefficient of aluminum, R a , is defined as follows:
where Z La is the acoustic impedance of aluminum in the longitudinal wave. Using the results of (2) and (3), the reflection intensity ratio, X (=R b /R a ), can be calculated using the following formula:
Using the results of (2), (3), and (4), Z Lb can be calculated using the following formula:
Although determining the value of the acoustic impedance of bone in the transverse wave, Z Tb , is necessary to calculate the bone density, q b , and Poisson's ratio, m, it is impossible to measure Z Tb directly because the transverse wave cannot propagate through the water coupler. Therefore, an approximate value is obtained by measuring the reflection intensity ratio, X, of the surface of bone tissue and substituting the value X into the following equation:
which was derived from the master curve, as shown in Fig. 1 . The relationship between the acoustic impedance in transverse wave Z T and the reflection intensity ratio in longitudinal wave X was plotted based on the known values of several metals and non-metals normalized by the intensity of a pure aluminum. From this relationship, the approximate curve and its equation were obtained.
Here, Z Lb and Z Tb defined by (5) and (6), respectively, functionally have the same tendency with respect to the reflection intensity, X, according to the following relation:
To examine the adequateness of (6), we consider the extreme case of X = 0, i.e., the case of water, in which Z Lb = Z w deduced from (5) is approximately 1.5 MPa s/m and Z Tb is 0.157 MPa s/m from (6) . Substituting the values of Z Lb and Z Tb into (7), the value of Poisson's ratio, v, is 0.494, which adequately satisfies being incompressible. Moreover, we see from (5) to (7) that Poisson's ratio approaches -1.0 as the reflection intensity, X, approaches infinity. Therefore, it is concluded from (5) to (7) that the range of X: 0 B X B ? corresponds to the physical range of Poisson's ratio: 0.5 C v C -1.0.
As the velocity of Rayleigh surface wave V Rb propagating the surface of bone tissue is related to the velocity of bone for transverse wave V Tb and longitudinal wave V Lb [20] , it is calculated as follows:
with V Lb and V Tb determined using the value of bone density, q b , and Eqs. (9) and (10), respectively, as follows: obtained by substituting (9) and (10) into (8) as follows:
The proposed method to measure the density at the surface sensitively depends on the physical surface state, i.e., the surface roughness and so forth. For example, in the case of bulk aluminum alloy with a density of 2.69 g/cm 3 (weight 8.6 g, volume 3.2 cm 3 ), the average of the densities at 10 points of the surface measured by the proposed method was 2.75 g/cm 3 3 ); therefore, the dispersion between the bulk and the surface densities was almost under 10 %.
After determining the Poisson's ratio, v, using Eq. (7), the shear modulus (elastic modulus in the transverse direction), G b , and Young's modulus (elastic modulus in the longitudinal direction), E b , can be calculated as follows:
SAM has a C-mode function to display the surface image of a specimen. A C-mode image consists of 400 9 400 pixels, and the luminance value of it with 256 gray-scale levels is proportional to the magnitude of the ultrasonic reflection echo. The ultrasonic reflection coefficient relevant to the mechanical characteristics of the specimen shown in Eq. (2) is also proportional to the ultrasonic reflection magnitude. The authors of this study devised a method to estimate conversely the reflection coefficient from the luminance value of the C-mode image [21] . The relation between the ultrasonic reflection magnitude of the bone tissue and the luminance value of the C-mode image of it can be determined as follows. Since a canine bone has almost the same mechanical properties as a human bone, it was used for a measurement reference of bone. A C-mode image of the diaphysial cortical bone of the femur of a dog (male, 28 months old) is shown in Fig. 2 . The magnification of SAM was adjusted so that the size of one pixel in the C-mode image was 10 lm, which was slightly larger than the resolution of SAM. The acoustic lens of SAM was positioned on a point where cortical bone tissue was present in the specimen. As the ultrasonic reflection magnitude indicates the value of about 4.0 V, the magnitude of the incident ultrasonic wave was controlled with the output power of the SAM transmitter. The luminance value of the point was obtained from the C-mode image data, and the ultrasonic reflection magnitude at the same point was measured simultaneously. The output power of the transmitter was decreased gradually, and the same measurement was repeated at the same position. The relation between the luminance value of the C-mode image and the ultrasonic reflection magnitude of the specimen was obtained as shown in Fig. 3 . From the dispersion in the data in the graph, the ultrasonic reflection magnitude calculated from the approximate line contained about ±0.0676 V as the standard error of estimates. The empirical formula that indicates the relation between the luminance value L, and the reflection coefficient of the bone R b , can be obtained as follows:
Constant d is determined by measuring R b and L at the same point on the measurement line when calculating the velocity of Rayleigh waves, V R , in the X-Z plane and substituting their values into Eq. (14) . The difference between the ultrasonic reflection magnitude measured The measured data were obtained by C-mode and X-Z mode. Namely, the luminance value was obtained by C-mode and the LSAW velocity was obtained by X-Z mode. Therefore, the measured areas of C-mode and X-Z mode observed by the one scan are 4 mm square and 4 mm length 9 10 lm width rectangular, respectively. According to the 4 mm square, measured area of each SAM scan measurement represented by 400 9 400 pixels in the C-mode image, one pixel corresponds to 10 lm square of the specimen area. Therefore, the spatial resolution of the measurements is 10 lm and it is the interval of each SAM scan measurement. To calculate one elastic modulus, the values of 2 pixels of a C-mode image and X-Z-scan data were needed. Therefore, the measured area to obtain one elastic modulus is always a 20 9 10 lm rectangular specimen area.
Measurement of elastic modulus
Measurement of the elastic modulus of both the lateral and medial trochanter was performed because the fracture line was located at these regions in the trochanteric fracture. Table 1 shows the measurement area of the trochanteric regions. Cortical bone and trabecular bone were scanned perpendicular to the axis of the femoral shaft from the tip of the greater trochanter to the level of the upper rim of the lesser trochanter in the lateral trochanter with 16 lines scanned each of 4 mm scan length at regular intervals and from the upper rim to the lower rim of the lesser trochanter with 10 lines in the medial trochanter, as illustrated in Fig. 4 .
Statistical analysis
Data were analyzed using SPSS Statistics software (SPSS, Chicago, USA), and measured values were statistically expressed as means and standard deviations. The MannWhitney U test was used to determine the significance of differences between two groups, and the level of statistical significance assigned to p values was \0.05. Fig. 3 The relation between the C-mode image luminance value and ultrasonic reflection magnitude of the bone specimen Lateral trochanter was measured from the tip of the greater trochanter to the level of the upper rim of the lesser trochanter. Medial trochanter was measured from the upper rim to the lower rim of the lesser trochanter Fig. 4 Measurement of the elastic modulus. In the lateral trochanter, cortical and trabecular bones were scanned perpendicular to the axis of the femoral shaft from the tip of the greater trochanter to the level of the upper rim of the lesser trochanter, with 16 lines scanned with a 4-mm scan length each at regular intervals. In the medial trochanter, 10 lines were scanned at the cortical and trabecular bones perpendicular to the axis of the femoral shaft from the upper rim to the lower rim of the lesser trochanter at regular intervals
Results
Elastic modulus of the trochanteric region
The elastic modulus of the cortical and trabecular bone tissue in the lateral and medial trochanter was measured, as the fracture line was located at these regions in the trochanteric fracture, and the elastic modulus of the lateral and medial trochanteric region was compared to detect the reason for the increase in the rates of trochanteric fractures with age in the elderly female population. In the lateral trochanter, the average number of data scanned to obtain one elastic modulus was 9.0 (range 2-27) in cortical bone tissue and 8.8 (range 2-24) in trabecular bone tissue. In the medial trochanter, the average number of data scanned to obtain one elastic modulus was 27.8 (range 8-58) in cortical bone tissue and 17.4 (range 3-47) in trabecular bone tissue. Table 2 shows the results of the measurement of the elastic modulus and bone density of the trochanteric region.
In cortical bone tissue, the mean elastic modulus in the longitudinal direction ranged from 14.26 to 22.53 GPa in the lateral trochanter and from 23.4 to 35.28 GPa in the medial trochanter, while that in the transverse direction ranged from 5.07 to 8.23 GPa in the lateral trochanter and from 8.52 to 13.38 GPa in the medial trochanter. In trabecular bone tissue, the mean elastic modulus in the longitudinal direction ranged from 14.84 to 22.55 GPa in the lateral trochanter and from 18.27 to 28.17 GPa in the medial trochanter, while that in the transverse direction ranged from 5.24 to 8.18 GPa in the lateral trochanter and from 6.67 to 10.5 GPa in the medial trochanter. As described above, the longitudinal and transverse elastic moduli of the cortical bone tissue of the lateral trochanter of all specimens from individuals over age 70 were found to be significantly lower than those of the medial trochanter, as shown in Fig. 5 (p \ 0.05) . The elastic modulus of the proximal regions (line 1-8) and distal regions (line 9-16) of the lateral trochanter was compared with respect to the elastic modulus of trabecular bone tissue to investigate specificities of the local distribution of mechanical properties at the lateral trochanteric region with a peculiar configuration. Table 3 shows the results of comparison of the mean elastic modulus of trabecular bone tissue in the proximal and distal regions of the lateral trochanter. As can be observed, the longitudinal elastic modulus of the trabecular bone tissue of the proximal region was relatively low in all individuals aged between 70 and 89 years compared to that of the distal region, while the transverse elastic modulus was relatively low in two individuals aged between 70 and 79 and in three individuals aged between 80 and 89 compared to that of the distal region. Statistical analysis revealed a significant difference in the longitudinal and the transverse elastic moduli between the proximal and distal regions in all individuals aged between 80 and 89 years, as shown in Fig. 6 (p \ 0.05). 
Discussion
Measuring the mechanical properties of trabecular bone tissue is more difficult than measuring those of cortical bone tissue because of the extremely small dimensions of the individual trabeculae in trabecular bone. Among the various methods that have been used to measure tissuelevel elastic properties of trabecular bone, the nanoindentation technique [1] [2] [3] , finite element modeling [4] [5] [6] [7] , and ultrasonic techniques [2, [8] [9] [10] [11] have been the most widely used over the past 20 years. The nanoindentation technique, which is used for simultaneously measuring the force and displacement of a diamond indenter impressed into a material specimen, was recently improved to address the nonlinear nature of the unloading load-displacement curve for nonflat indenters. Use of the nanoindentation technique provides the tremendous advantage of allowing for probing of bone tissue properties at the microscopic level. In one study using the nanoindentation technique, the average elastic modulus was found to be 13.5 ± 2.0 GPa for human vertebral trabecular bone tissue, 22.5 ± 1.3 GPa for osteons, and 25.8 ± 0.7 GPa for interstitial bone tissue of tibial cortical bone [1] . Although calculation of the Young's modulus using the nanoindentation technique has been reported to be relatively insensitive to the chosen value for Poisson's ratio [2] , it has also been reported that the elastic modulus value obtained from the use of the nanoindentation technique is highly affected by the indentation rate and extent of time-dependent plasticity [22] . Another approach to mechanical testing at the tissue level of bone is use of high-resolution finite element models constructed using data derived from micro-computed tomography or micro-magnetic resonance imaging. Specimen-specific experimental data at the whole specimen level are employed as the material modulus to calibrate effective elastic properties of tissue. It has been shown that models constructed using this procedure can provide accurate predictions of the mechanical properties of trabecular bone at a continuum level [23] . Although previous finite element studies of human vertebral trabecular bone have reported relatively low effective tissue moduli values of 5.7-6.6 GPa [4, 5] , recent studies of trabecular bone tissue have reported much higher values of 18.0-18.7 GPa [6, 7] . In most studies using the finite element technique, compression testing has been used with platens to provide the calibration data. Therefore, because of the associated end artifacts [24, 25] , most studies using high-resolution finite element models have reported low values of the calibrated effective tissue moduli compared to experimental studies using the nanoindentation or ultrasonic techniques.
Since the mechanical SAM was first introduced by Lemons and Quate in 1975 [26] , it has become a valuable tool in bone research. SAM offers several advantages over direct biomechanical testing, in particular that of allowing for measurement in a noninvasive and nondestructive manner at a high resolution. In principle, three SAM approaches have been reported in the literature. The measurement of speed of sound in thin samples has been successfully used to study cortical and trabecular bone elastic properties in humans [2] . In this method, two parallel and flat surfaces need to be prepared for very thin samples and additional methods are required for the measurement of density and sample thickness. In addition, this method has only been applied with frequencies up to 50 MHz owing to the high attenuation of bone tissue. This technique yielded a mean elastic modulus for cortical bone tissue of 20.6 ± 0.2 GPa in the longitudinal direction and 14.9 ± 0.5 GPa in the transverse direction, and that for trabecular tissue of 17.5 ± 1.1 GPa [2] .
In our study, the elastic moduli of cortical and trabecular bone tissue have been calculated by measuring the velocity of the LSAW. Measurement of the LSAW velocity and other mechanical properties is commonly performed using the interference method, also referred to as the V(z) Fig. 6 The elastic modulus of the trabecular bone tissue in the lateral trochanter. The longitudinal and transverse elastic moduli of the trabecular bone tissue of the proximal region of all individuals aged between 80 and 89 were found to be significantly lower than that of the distal region. long longitudinal, trans transverse, Proximal proximal region of the lateral trochanter, Distal distal region of the lateral trochanter method. The H-SAM machine used to measure the bone mechanical properties in this study provides high image resolution due to its use of the time gate method for wave separation. This method is based on measurement of the interference of the longitudinal wave directly reflected from the specimen surface and the LSAW propagated along the specimen surface [17] . As the average diameter of an osteocyte is approximately 4 lm [27] , use of a 200-MHz SAM machine and a spatial resolution of 7 lm to evaluate the distribution of bone mechanical properties allowed for measurement of narrow trabecular bone in the osteoporosis patients examined in this study. The current study found the mean elastic modulus of cortical bone tissue to range from 14.26 to 35.28 GPa in the longitudinal direction and from 5.07 to 13.38 GPa in the transverse direction, and that of trabecular bone tissue to range from 14.84 to 28.17 GPa in the longitudinal direction and from 5.24 to 10.5 GPa in the transverse direction.
Raum et al. [8, 9] reported a relation that enables the estimation of anisotropic tissue elasticity of cortical bone. In their method, anisotropic elastic properties were calculated from the acoustic impedance mapping of the confocal reflection amplitude. This method requires accurate sample preparation such as smooth and plane surfaces placed perpendicular to the sound beam axis and stable measurement conditions for deriving reliable estimates of the acoustic impedance. They stated that assessment of changes in local tissue anisotropy may provide new insights in studies of bone remodeling, pathologies, and strength.
In cortical bone, endosteal bone resorption causes thinning of the cortex in a process known as trabecularization or cancellization with increasing age [28] . In this study, the elastic modulus of the cortical bone tissue of the lateral trochanter was as low as that of trabecular bone in individuals over 70 years of age. Based on these findings, it is hypothesized that trabecularization is associated with a decrease in the elastic modulus of cortical bone in the lateral trochanter.
Osteoporosis is generally believed to result when the extent of bone resorption is greater than formation, resulting in a bone remodeling imbalance and bone loss. In the stance phase of the gait cycle, a bending moment on the femoral neck generates compression on the medial side of the trochanter [29] . Several studies using finite element modeling have found that the lateral trochanter sustains tensile forces while the medial trochanter sustains high compressive forces [30, 31] . According to Wolff's law, bone formation occurs at the compressive area while bone resorption, which is more likely to occur in the proximal region of the lateral trochanter anatomically most distant from the medial compression area during daily walking at a normal gait, occurs at the tensile area. Based on these findings, it is hypothesized that a long-term increase in bone resorption is related to the low elastic modulus of the trabecular bone in the proximal region of the lateral trochanter.
The current study had several limitations that may limit the generalizability of the results. First, this study had a small sample size with a relatively narrow age range. Second, it examined the mechanical properties of bones from individuals with no reported history of bone-related disease, and for whom a detailed history, including data regarding medical and medication history and length of period of bed rest before death, was unavailable. Third, the bone specimens needed to be fixed with a 4 % formalin solution for processing, embedding, and polishing. Although most studies that have investigated the effects of formalin fixation have found that it does not affect the mechanical properties of bone [32] [33] [34] , several have found that it may affect bone biomechanical properties [35, 36] . Nevertheless, fixation in a 4 % formalin solution for 4 weeks has been found to have no effect on the Young's modulus, yield stress, or ultimate stress of human bone [33] . As the bone specimens in the current study were fixed in a 4 % formalin solution for 4 days, it can be reasonably assumed that the embalming process had no effect on the results obtained regarding the mechanical properties of bone. Fourth, the elastic modulus in the measurement of this study was obtained through the average value in any direction without regard to the anisotropy of bone tissue. However, with the purpose of this study being to learn the regional differentiation of the elastic modulus of the trochanteric region, the assessment using the average value of the elastic modulus showed a regional difference in a characteristic manner.
In our study, the mean bone density of the trochanteric region ranged from 0.35 to 0.81 g/cm 3 in cortical bone tissue and from 0.38 to 0.67 g/cm 3 in trabecular bone tissue. The values of the bone density, which were derived using Eq. (11) in the process of obtaining the elastic modulus, were within a reasonable range as the density of bone [37, 38] . This supports the rationality of our method.
Generally speaking, the mechanical properties of the bone are anisotropic. As pointed out by the authors [39, 40] with respect to greater detail regarding the bone mechanical anisotropic properties, the bone properties are transversely isotropic along the gravity direction, i.e., the bone is isotropic, in which state Eq. (8) is available, in the perpendicular plane to the gravity direction, and orthotropic in the parallel plane to the gravity direction, in which state Eq. (8) is invalid and orthotropic elastic constitutive equations and wave equation have been applied [40] . To measure the bone anisotropic properties using the proposed SAM system, a slit has been attached to the front of the SAM acoustic lens, allowing for the leaky surface wave velocity along the slit direction to be obtained. Then we can measure the anisotropic leaky surface wave velocity of the bone tissue by rotating the slit at one point of the bone tissue [39] . It was found in a previous paper [40] that the elastic modulus of femur bone of young dogs showed more anisotropy than that of elder humans, and the range of maximum ratio of the young canine orthotropic elastic moduli was almost 1.1-1.25. This process requires individual measurement at the measuring points due to the rotation of the slit. Thus, sequential measurements like those in this paper are difficult at present. However, the main purpose of our study is to clarify the distribution of the elastic modulus within the same specimen of the trochanteric area of humans. The elastic modulus calculated with our method indicates the average value of the elastic modulus in any direction without considering the anisotropic properties. The elastic modulus of cortical bone in our study will be indicative of the value intermediate between the elastic modulus in the plane parallel to gravity and that in the plane perpendicular to gravity. Moreover, the degree of anisotropy generally decreases with age. Therefore, the regional differences in the elastic modulus in cortical bone such as between lateral and medial trochanters and in trabecular bone such as between proximal and distal areas of the lateral trochanter observed in our study are meaningful because the measurements were made under the same condition and in the same sample. These findings are not negated because of minor anisotropy.
In trochanteric fractures, the fracture line typically passes from the proximal lateral trochanteric portion to the distal medial cortex of the medial trochanter [41] . On the other hand, magnetic resonance imaging of incomplete trochanteric fractures has indicated that the fracture line emanates from the lateral trochanter and extends into the intertrochanteric region but does not disrupt the medial cortex [42] . These findings suggest that a complete trochanteric fracture begins superolaterally and propagates inferomedially in the trochanteric region. In the present study, the elastic modulus of the trabecular bone tissue of the proximal portion of the lateral trochanter was found to be low compared to that of the distal portion in all individuals aged between 70 and 89. Based on the findings in this study and in previous studies, it is hypothesized that the proximal region of the lateral trochanter may become the weakest point with increasing age.
Conclusion
We have devised a method that can obtain continuous detailed distributions of the elastic modulus along the measurement line in a non-decalcified specimen of human bone tissue. This is the first study to investigate the local distribution of mechanical properties within the trochanteric region. Besides the limitation of the sample size, the findings of this study may suggest that the decrease in the elastic modulus of cortical bone in the lateral trochanter and the low value of the elastic modulus of trabecular bone in the proximal region of the lateral trochanter may be related to the increase in the rates of trochanteric fractures with age in the elderly female population. This method may contribute to studies of osteoporotic fractures, treatment of osteoporosis, and bone fracture healing.
